Introduction
Hematopoietic stem cells (HSCs) are characterized by their self-renewal potential and ability to differentiate into multiple blood lineages. 1, 2 They are essential for lifelong blood production and represent 1 of the best-studied somatic stem cell systems. [2] [3] [4] Several decades of successful bone marrow transplants have demonstrated the therapeutic importance of HSCs. 5 Much progress has been made to understand the regulatory network of HSC self-renewal and differentiation. 6, 7 Several studies suggest that epigenetic mechanisms play an important role in controlling HSC renewal and lineage commitment. [8] [9] [10] [11] [12] Understanding the regulatory mechanisms of HSC self-renewal and differentiation is important for both basic stem cell biology and improving the quality of stem cell transplantation in clinical settings.
HSCs are a heterogeneous population of cells that contain at least 3 populations: long-term HSCs (LT-HSCs), short-term HSCs (ST-HSCs), and multipotent progenitors (MPPs). 13 LT-HSCs reside in the bone marrow and can self-renew to maintain the stem cell pool or differentiate into ST-HSCs or lineagerestricted progenitors. The progenitors can further differentiate to produce terminally differentiated, functional hematopoietic cells. LT-HSCs must persist for the lifespan of the organism to constantly replenish the hematopoietic system. ST-HSCs or MPPs are able to sustain hematopoiesis in the short term only. Experimentally, HSCs can be distinguished by surface marker staining, and several different laboratories have developed different antibody combination schemes to identify the different populations of cells within the total population of HSCs. One major scheme is the cell surface phenotype of positive selection for the markers c-Kit and Sca-1 and negative selection for markers of mature hematopoietic cell lineages (typically B220, CD4, CD8, Gr-1, Mac-1, and Ter-119). 14 Although this Lin 2 Sca-1 1 c-Kit 1 (LSK) phenotype greatly enriches for hematopoietic reconstituting activity, this bone marrow compartment contains progenitor cells in addition to long-term HSCs. Specifically, only approximately 10% of LSK cells are bona fide LT-HSCs. Another staining scheme is based on the signaling lymphocytic activation molecule (SLAM) family of cell surface glycoproteins and used a profile of CD150 1 ; CD244 2 ; CD48 2 to define LT-HSCs. 15 So far, the scheme to combine LSK and SLAM has shown that approximately 50% of single cells with this phenotype are LT-HSC. [16] [17] [18] [19] It can separate the LSK compartment into LT-HSCs (LSK CD150 1 CD48 2 ), ST-HSCs (LSK CD150 2 CD48 2 ), and MPPs (LSK CD150 2 CD48 1 ). CD34 and Flk2 are also commonly used to separate the LSK population into LT-HSCs (LSK CD34 2 Flk2 2 ), ST-HSCs (LSK CD34 1 Flk2 2 ), and MPP cells (LSK CD34 1 Flk2 1 ). [20] [21] [22] [23] Chromatin structure seems to play a critical role in the regulation of gene transcription during hematopoiesis. It has been nicely demonstrated that gene expression changes during hematopoietic stem/progenitor cell differentiation, and is programmed by chromatin modifications present at the hematopoietic stem/progenitor cell stage. 9 Recently, 4 chromatin modifications were surveyed across 16 stages of hematopoietic differentiation with a high-sensitivity indexing-first chromatin immunoprecipitation technology. 10 This study identified transcription factor networks controlling chromatin dynamics and lineage specification in hematopoiesis and provided a comprehensive model of chromatin dynamics during development. However, genome-wide profiles of the open-chromatin landscape of LT-HSCs, ST-HSCs, and MPPs in mice have not been examined to date.
Assay for transposase-accessible chromatin with high-throughput sequencing (ATAC-seq) uses a bacterial (Tn5) transposase, an enzyme that inserts a short fragment of DNA (a transposon) into another molecule of DNA, or, in this assay, inserts 2 short fragments separate from each other. 24, 25 Because the transposase is unable to access DNA that is either bound by nucleosomes or strongly bound transcription factors, it incorporates its transposons preferentially into open or accessible chromatin. Specifically, the transposase inserts 2 fragments of DNA that serve as tags, and a mechanism to lead to a process known as tagmentation to fragment the accessible DNA. This assay was developed to identify accessible DNA regions, equivalent to DNase I hypersensitive sites. Buenrostro et al convincingly demonstrated that ATAC-seq was able to accurately identify the nucleosome-free regions of a lymphoblastoid cell line. The authors showed that ATAC-seq profiles were comparable to DNaseI-seq in specificity and signal to noise ratio from 100 to 10 000-fold fewer cells than DNaseI-seq. 24 Thus, this technique allows us to analyze the chromatin status of hematopoietic stem cells, which is a rare population in the hematopoietic system. In this study, we used this powerful technology to compare chromatin accessibility ("open chromatin") profiles of LT-HSCs, ST-HSCs, and MPPs. We found that the chromatin is dynamically remodeled at promoters and enhancers of HSCs, thus affecting the accessibility of transcription factors during differentiation of LT-HSCs to ST-HSCs and MPPs.
Methods

Mice
The C57BL/6 wild-type (CD45.2 1 ) mice were from The Jackson Laboratory. Mice were bred in-house in a pathogen-free mouse facility at Temple University. Animal experiments were performed in accordance with guidelines approved by the Institutional Animal Care and Use Committee at Temple University.
Fluorescence-activated cell sorting and isolation of HSCs
Bone marrow cells were flushed from the long bones (tibias and femurs) of mice with phosphate-buffered solution without calcium or magnesium. For detection of LSK cells, whole bone marrow cells were incubated with phycoerythrin anti-mouse Lineage Cocktail antibody, fluorescein isothiocyanate-conjugated antibody to Sca1 (Ly6A/E; D7) and allophycocyanin-conjugated antibody to c-Kit (ACK2). CD150 and CD48 were measured with the following antibodies: phycoerythrin-Cy7 conjugated antibody to CD48 (HM48-1) and Brilliant Violet 421-conjugated antibody to CD150 (TC15-12F12.2). All antibodies were purchased from Biolegend except for antibodies to Sca1 and c-Kit, which were purchased from eBioscience. Antibodies to specific lineages, Sca1, c-Kit, CD150, and CD48 were diluted 1:100. Nonviable cells were excluded using the viability dye 7-AAD (50 mg/mL 21 ). Cells were sorted with a FACSAria (Becton Dickinson) automated cell sorter. Data were analyzed using FlowJo software (Tree Star). For each experiment, 20 000 cells of LT-HSCs, ST-HSCs, and MPPs were used for ATAC-seq analysis.
Library construction for ATAC-seq
Library construction for ATAC-seq was performed as described. 25 In brief, transposed DNA fragments were polymerase chain reaction (PCR) amplified after the transposition reaction and purification. To maintain high library complexity, we used 11 total PCR cycles, which was determined by quantitative PCR method as the optimized cycle number. The deep sequencing was performed at the Fox Chase Cancer Center Genomic Facility. The quality control of libraries was performed using gel electrophoresis. The libraries were quantified using the KAPA Library Quant Kit for Illumina Sequencing Platforms (KAPA Biosystems) as suggested by Buenrostro et al. 25 Illumina high-throughput sequencing instrument, Nextera-based sequencing primers, and reagents were used for the deep sequencing. The same amount (molarity) of library DNA of each group was used as the input material for the deep sequencing.
Reads alignment and correlation between replicates
The 50-nucleotide (nt) paired end reads were aligned to the mouse genome, version mm10, using bowtie2 with default parameters. In total, the average mapping reads in LT-HSCs, ST-HSCs, and MPPs were about ;110, 122, and 114 million, and the average coverage along the mouse genome (2.8 3 10 9 ) were 3.92, 4.35, and 4.07, respectively. Mapped reads were normalized to reads per million reads mapped (RPM) and were converted to bigwig format for visualizing using the R package Gviz. After normalizing to RPM, the average coverage is ;0.035. To assess data reproducibility, normalized read counts in 250 nt bins genome-wide were determined for each set of biological replicates, and principal component analysis (PCA) were performed on the read counts of 6 samples after scaling and centering. The Pearson correlation coefficients of pairwise ATAC-seq samples were calculated using the same data.
Peak calling of open chromatin regions
Peak calling was performed using the findPeaks script in the HOMER software 26 package with DNase style. Common peaks between 2 replicates were detected by bedtools and were defined as open chromatin regions for further analysis. The peak distribution along chromosomes with a summarized size of each 1 Mb were plotted using the R package ggbio.
Genome features classification of open chromatin regions
Genome features of open chromatin regions were annotated using the HOMER script annotatePeaks.pl with 8 types: promotertranscription start site (TSS), 59 UTR, exon, intron, 39 UTR, transcription termination site, non-coding RNAs (ncRNAs), and intergenic regions. For determining the enrichment of the open chromatin regions in each genomic feature, 10 000 random genomic regions were sampled as background. The enrichment significance were evaluated using a x 2 test.
Gene ontology enrichment analysis
The list of genes with open chromatin in the promoter-TSS region were ranked by peak score in descending order, and the top 3000 were used for gene ontology (GO) enrichment analysis using DAVID (https://david.ncifcrf.gov) with the default background. The top 3000 highest expressed genes in LT-HSCs (CD34 2 Flk2 2 Lin 2 c-kit 1 Sca1 1 ) downloaded from Gene Expression Commons (https://gexc.stanford.edu) 27 were performed for GO enrichment analysis as previously. The false discovery rates of top enriched GO terms were visualized by heat map or barplot using a customized script.
Heat map of open chromatin around promoter-TSS regions
The flanking 1 kb around TSS, both upstream and downstream, were extracted from all genes or genes with open chromatin in their promoter regions. Heat maps of read density for each gene were plotted along their given TSS as well as the up-and downstream 1 kb flanking regions using the R package "genomation." The average reads density was visualized as a color image and lines smoothed with loess function.
Identification of enhancer regions in an open chromatin state
Published enhancer regions in blood cells marked by H3K27ac and H3K4me1 were downloaded from the Web site (http://compbio.cs. huji.ac.il/blood-chromatin/Data.html). 10 The bed files of open chromatin were converted from mm10 to a mm9 version of the mouse genome using LiftOver tools. Enhancer regions overlapping with open chromatin were defined using bedtools. To define conserved open enhancer regions between mouse and human, the open enhancer regions were further converted from mouse mm9 version to human hg18 version using LiftOver, and were compared with published enhancer regions marked by H3K4me1 in human CD133 1 cell. 9
Gene expression activity
The gene expression activity in different blood cell types were downloaded from Gene Expression Commons (https://gexc. stanford.edu). 27 The gene expression activity was ordered from high to low (100 to 2100). Correlation were performed between ATAC-seq signal in 1 kb promoter upstream from TSS and gene expression activity of LT-HSCs (marked by CD34 2 Flk2 2 Lin 2 c-kit 1 Sca1 1 ), ST-HSCs (CD34 1 Flk2 2 Lin 2 c-kit 1 Sca1 1 ), and MPPs (CD34 1 Flk2 1 Lin 2 c-kit 1 Sca1 1 ), respectively.
cis-Element Enrichment and PCA
The DNA sequence motif enrichment in promoter regions and enhancers were identified using the HOMER script findMotifsGenome with length 6, 8, and 10 nt. The known transcription factor binding motifs with significant enrichment (P , .01) were clustered and visualized as a heat map using custom scripts. The motif logos were generated for the given motif matrix using stamp (http://www. benoslab.pitt.edu/stamp/). PCA was applied to the P value matrix of enriched motifs for all 3 cell types.
Results and discussion
ATAC-seq provides open chromatin landscape of HSCs
In this study, we used the combination of Lin 2 Sca1 1 c-Kit 1 and SLAM surface markers and fluorescence activated cell sorting (FACS) to isolate mouse LT-HSC (LSK CD150 1 CD48 2 ), ST-HSC (LSK CD150 2 CD48 2 ), and MPP (LSK CD150 2 CD48 1 ) cells ( Figure 1A ). Next, we performed ATAC-seq to survey genome-wide chromatin dynamics for 2 biological replicates of all 3 cell types (LT-HSCs, ST-HSCs, and MPPs). From our ATAC-seq libraries, 85% to 93% of the paired end reads were mapped to the mouse genome. The average mapping reads in LT-HSCs, ST-HSCs, and MPPs are ;110, 122, and 114 million, respectively. To determine the reproducibility between replicates, we calculated the reads density in 250 nt windows across the genome, and performed PCA and Pearson correlation analysis of pairwise comparisons among ATAC-seq samples from all the 3 cell types. From this analysis, we found that the 2 replicates from the same cell type clustered together, and were separated from other samples ( Figure 1B) ; specifically, the Pearson correlation coefficient of 2 replicates of each cell type were ;0.9, indicating high reproducibility of the assay (supplemental Figure 1B ; Figure 1C ).
Using the peak calling algorithm in the HOMER software package, we globally identified 22 285, 17 249, and 33 585 common open chromatin regions in both replicates for LT-HSCs, ST-HSCs, and MPPs, respectively (supplemental Figure 1A) . To begin, we examined the ATAC-seq signal in genes used for FACS-based cell sorting and found ATAC-seq signal is specifically higher at the promoter of CD48 in MPPs, and highest at the promoter of CD150 in LT-HSCs (supplemental Figure 2A-B) . Also, there is strong ATAC-seq signal at the promoter of Sca1/Ly6a in all 3 HSC cell types, consistent with HSCs being Sca1 positive (supplemental Figure 2C ). Next, we surveyed several well-known HSC marker genes. As mentioned previously, 2 other surface markers CD34 and Flk2 (also known as Flt3) can be used to distinguish LT-HSCs, ST-HSCs, and MPPs by FACS analysis (supplemental Figure 1C ). We found that ATAC-seq signal in the promoter region of CD34 displayed a gradual increase from LT-HSCs to ST-HSCs to MPPs ( Figure 1D ), which is consistent with the expression pattern of CD34 in HSCs ( Figure 1G ). Similarly, we found that ATAC-seq signal in the promoter region of Flt3 in MPPs is much higher than in LT-HSCs and ST-HSCs ( Figure 1E ), which is also consistent with the expression pattern of Flt3 in HSCs ( Figure 1G ). Additionally, HoxB5 has been shown to be specifically expressed in LT-HSCs 28 ( Figure 1G ). We also found that our ATAC-seq data consistently captured a unique peak signal at the HoxB5 promoter region only in LT-HSCs, but not in ST-HSCs and MPPs ( Figure 1F ). Also, ATACseq signal are higher at LT/ST-HSCs compared with MPPs in the promoter of Bmi1, Gfi1, p57, and p21, which are required for maintenance of self-renewing HSCs [29] [30] [31] 
Genes involved in cell division or cell differentiation are maintained as open chromatin in HSCs
To survey the global distribution of open chromatin regions throughout the whole genome, we categorized the open chromatin regions into 8 types: promoter-TSS, 59 UTR, exon, intron, 39 UTR, transcription termination sites, ncRNAs, and intergenic regions. As expected, open chromatin regions are highly enriched in promoter-TSS regions with more than 30 times in these areas compared with a size-matched random genomic background (Figure 2A , P , 10 2100 ), which is corroborated by the observation that many promoter regions display ATAC-seq peak signals ( Figures 1D-F ). Next, we extracted the genes whose promoter-TSS regions displayed an with open promoters in all 3 populations; these GO terms are enriched more significantly in MPPs and ST-HSCs than with LT-HSCs, which is a relatively quiescent stem cell population that has a major function in self-renewal. Taken together, these results suggested that more gene-encoding proteins involved in these cellular processes are required for regulating cell differentiation in MPPs and ST-HSCs than controlling self-renewal in LT-HSCs ( Figure 2C ). In addition, we found enrichment for open chromatin in the promoters of genes encoding proteins involved in ubiquitin conjugation, alternative splicing, and the unfolded protein response in ST-HSCs, suggesting that those genes might play critical roles in the transition from LT-HSCs to MPPs ( Figure 2C ). Taken together, our results suggest that genes involved in cell division or cell differentiation are frequently maintained in an open chromatin state in HSCs.
Next, we examined the relationship between open chromatin in gene promoters and gene expressional level globally in each cell type of HSCs. We found ATAC-seq signal in promoter 1 kb were positively correlated with the gene expression activity (r 5 0.44, r 5 0.384, and r 5 0.379 in LT-HSCs, ST-HSCs, and MPPs, respectively). We then ranked the gene expression activity from high to low, and divided them into 5 groups equally. ATAC-seq signals were increased as a function of gene expression activity, especially in the categories of highly expressed genes but less correlated in low expressed genes (supplemental Figure 4A-C) , indicating that open chromatin state in promoter regions were necessary but not sufficient for the gene transcription, which also need the activation by related transcription factors. Furthermore, we performed GO enrichment analysis for top 3000 highest expressed genes in LT-HSCs, and found genes related to cell cycle were also enriched in expression level but not in top. This result was consistent with that as compared with somatic cell, that LT-HSCs can undergo cell division to renew LT-HSCs or produce ST-HSCs, and it also indicated that genes involved in cell cycle were generally maintained in open chromatin state LT-HSCs but some of them need transcription factors to further active their expression level in ST-HSCs and MPPs.
Multiple miRNA encoding regions are found in an open chromatin state in HSCs
Regulatory ncRNAs play important roles in hematopoiesis. 33 Accumulating evidence suggests that microRNAs (miRNAs) are critical for HSC maintenance and that many of them display a cell type-specific expression pattern. 34 Therefore, we surveyed the open chromatin state of miRNAs in HSCs and found that 40 miRNAs are in an open chromatin state in at least 1 type of HSCs ( Figure 2D ). Among those 40 miRNAs, miR-7b, miR-7671, and miR-8111 exhibited higher ATAC-seq signal in LT-HSCs, whereas miR-150 and miR-155 exhibited higher ATAC-seq signal in MPPs ( Figure 2D ). miR-150 and miR-155 function drives MEP differentiation toward megakaryocytes and controls B-and T-cell differentiation. 35 Our results suggest that the open chromatin state for these 2 miRNAs is already established in MPPs before it starts to develop into further differentiated lineages.
Chromatin accessibility in promoter regions of many genes changes upon HSC differentiation
To further understand how chromatin accessibility changes when HSCs differentiate to MPPs, we comprehensively examined the flanking 1 kb regions of gene TSSs. First, we focused on the genes with peaks in the promoter-TSS regions that were common across the 3 cell types; we found peaks were centralized at the TSS in all 3 populations (LT-HSCs, ST-HSCs, MPPs) ( Figures 3A-B ). From this analysis, we also found that the average ATAC-seq score in these regions in MPPs is significantly higher (x 2 test with P , 10 2100 ) when compared with this signal in LT-HSCs and ST-HSCs, which was also observed for the subset of miRNA regions (described previously) ( Figures 2D and 3B) . These results indicated that the promoter regions of those genes were occupied less frequently by nucleosomes in the population of MPPs compared with LT-HSCs and ST-HSCs. Next, we surveyed the ATAC-seq signal in promoters of all annotated mouse genes. We found that ATACseq read density in flanking TSS regions of all genes again showed that genes in MPPs exhibited globally stronger ATAC-seq signal compared with LT-HSCs and ST-HSCs (supplemental Figure 5A) . Interestingly, we found that ATAC-seq signal is focused directly over TSSs in MPPs; instead, periodical peaks and troughs were observed across the upstream regions flanking TSSs in LT-HSCs and ST-HSCs (supplemental Figure 5B-C) . The troughs, which are depleted for ATAC-seq reads, likely represent nucleosomeoccupied positions, further indicating that more genes have their promoter regions compressed into a more closed chromatin state by nucleosomes in LT-HSCs and ST-HSCs compared with MPPs. This may be a consequence of fewer genes being required to maintain self-renewal of LT-HSCs and ST-HSCs compared with controlling the diverse differentiation processes that MPPs can undergo.
Transcription factor cohorts are associated with cell type-specific open promoters in HSCs
To investigate which transcription factors could potentially access the DNA cis-elements in open promoter regions as determined by our ATAC-seq experiments, we performed DNA sequence motif enrichment analysis using the sequences of all promoter regions from each cell type that our ATAC-seq data found to be in an open confirmation. From this analysis, we found a total of 166 known Figure 3C ; supplemental Figure 6A ). Within this total population, 122 of the known transcription factor-interacting motifs were found in open chromatin regions that were common to all 3 HSCs. Furthermore, we did not identify transcription factor binding motifs that were unique within the open chromatin regions identified by our ATAC-seq analysis of ST-HSCs, suggesting that the transcriptional regulatory network of ST-HSCs is in a transitional state between LT-HSCs and MPPs ( Figure 3C ; supplemental Figure 6A ). To further explore the transcription factor cohorts that can distinguish the 3 types of HSCs, we performed PCA using the enriched motifs that we uncovered. From this analysis, we found that along PC1, the cohort of Krüppel-like factors KLF9, KLF10, and KLF14, and ETS transcription factor ETV2, whose binding motifs were specifically enriched in LT-HSCs, were separated from other transcription factors that can access the open promoter regions that are common to the 3 types of HSCs ( Figures 3C-D) . Interestingly, the gene expression activity of both KLF9 and KLF10, transcription factors that are known to bind C-rich motifs, is higher in LT-HSCs compared with ST-HSCs and MPPs, indicating their potential function in LT-HSCs ( Figures 3D-E) . Along PC2, we found that another transcription factor cohort that includes SP1, KLF5, ETS1, FLI1, ERG, and GABPA were separated from all others ( Figure 3D ). Among them, FLI1 is involved in early hematopoietic development, 36 whereas GABPA is a critical regulatory module for maintenance and differentiation of HSCs. 37 Taken together, our results suggest that these transcription factor cohorts may play important functions during the differentiation of LT-HSCs and ST-HSCs to MPPs.
Chromatin accessibility of enhancer elements changes during hematopoietic differentiation
Next, we focused on identifying the enhancer elements that were in an open chromatin state in the 3 types of HSCs. Enhancer elements are important cis-acting sequences that can mediate long-range activation of transcription of specific target genes. They tend to be located within 1 Mb upstream or downstream of the transcription start site of the gene(s) targeted for regulation. 38 Active enhancers are usually marked by histone H3 lysine 27 acetylation (H3K27ac) and H3 lysine 4 monomethylation (H3K4me1), whereas poised enhancers are often marked by H3K4me1 alone. [39] [40] [41] Therefore, we analyzed the 48 415 putative enhancer regions that have been demonstrated to be marked by high H3K4me1/2 and low H3K4me3. 10 Through motif discovery analysis, we found 153 DNA sequences that are known to interact with specific transcription factors that were enriched in these putative open enhancer elements (supplemental Figure 4B -C). Similar to the results from this same analysis of promoter regions that demonstrate open chromatin, we did not find any transcription factor interacting motifs that are specifically within the enhancers that show an open chromatin configuration in our ATAC-seq analysis of ST-HSCs (supplemental Figure 6B-C) . Interestingly, we uncovered 96 transcription factor interacting motifs that are in both promoter and enhancer regions and that are in an open chromatin configuration within the 3 HSC cell types, suggesting these transcription factors may direct the interaction between specific enhancer elements and their target promoters ( Figure 4B ). Next, we performed PCA to identify transcription factor cohorts that contribute to the variation of open enhancers within HSCs ( Figure 4C ). Along PC1, we found a cohort of 9 transcription factors including ERG, GABPA, PU.1, and SPIB were separated from others (Figures 4C-I; supplemental Figure 7 ). In support of these findings, our ATAC-seq analyses also demonstrated that the enrichment of PU.1, SPIB, and ELF5 binding motifs were decreased in LT-HSCs compared with ST-HSCs and MPPs ( Figures 4D-F) . Along PC2, we found the motifs for CCCTC-binding factor and BORIS, factors that function in regulating chromatin architecture and transcriptional reprogramming, 42, 43 were separated from other overrepresented sequence motifs ( Figures 4C,G-H) . In summary, these 2 cohorts of transcription factors may be associated with dynamic change of open enhancers within the 3 cell types of HSCs.
Poised enhancer elements are established in progenitor cells before they commit to differentiate into specific cell lineages. Then they can become activated to induce expression from specific target genes during subsequent lineage differentiation processes. 7 To survey how potentially poised enhancers change during differentiation of LT-HSCs and ST-HSCs to MPPs, we distinguished poised enhancers marked only by H3K4me1 from active enhancers marked by both H3K4me1 and H3K27ac in HSCs. Interestingly, we found 1140 poised enhancers adopt an open chromatin state in LT-HSCs, and 28.2% of these become active enhancers when LT-HSCs differentiate to ST-HSCs (supplemental Figure 6D ). Furthermore, we also found that a total of 21.7% of the poised enhancers identified in LT-HSCs and ST-HSCs become active enhancers in MPPs ( Figure 4I ). Taken together, our results demonstrate that chromatin accessibility can significantly affect the global DNA accessibility for transcription factors at promoter and enhancer regions in different populations of HSCs. HSCs have the capability to self-renew and differentiate into all blood cell lineages. These 2 opposing forces are finely coordinated by several regulatory mechanisms, consisting of both extrinsic and intrinsic factors. Over the past decade, several studies have discovered the key role of transcription factors, niche factors, and signal transduction pathways in HSC development and homeostasis. 1, 2 Increasing evidence, however, suggests that a higher level of intrinsic regulation exists (eg, epigenetic regulation, which controls chromatin accessibility can directly regulate HSC development, maintenance of self-renewal, lineage commitment, and aging). [8] [9] [10] [11] [12] Moreover, aberrant epigenetic marks have been identified in several hematological malignancies, consistent with clinical evidence that mutations targeting epigenetic regulators promote leukemogenesis. 44 Our study provides the first chromatin accessibility landscape maps for LT-HSCs, ST-HSCs, and MPPs. It is known that open chromatin is important for transcription factor binding and subsequent regulation of gene expression. Consistent with this notion, we found that open chromatin is highly enriched in promoter regions of coding and noncoding genes in all 3 populations of HSCs profiled here. Furthermore, the ATAC-seq signal in promoter regions of genes is usually correlated with the level of gene expression at that locus. In addition, we identified open chromatin in MPPs for the regions where the transcripts of 40 miRNAs such as mR-7b, miR-150, and miR-155 are found. This is intriguing because the target transcripts of miR-7b are involved in breast cancers, 45 and miR-150 and miR-155 are known to play an essential role in hematopoiesis. 35 Overall, we identified 7931, 6844, and 9110 genes displaying an open chromatin configuration at their promoter regions in LT-HSCs, ST-HSCs, and MPPs, respectively. The peak number in ST-HSCs is smaller than in LT-HSCs, which may suggest that during the transition state, genes specifically required in LT-HSCs were turned off; many genes have already been maintained in open chromatin state in LT-HSCs but need to be further activated by transcriptional factors in ST-HSCs and MPPs. MPPs, as multipotent stem cells that can differentiate into many types of cells, contain the largest number of open chromatin regions. However, once the MPPs differentiate to more specific cells, the number of open chromatin regions may be decreased. This hypothesis needs further evidence. Furthermore, we discovered that genes with the highest abundance of ATAC-seq signal for open chromatin in their promoters are strongly enriched for those encoding proteins involved in cell division and DNA replication, suggesting that those 2 processes are critical for HSCs playing a role as a stem cell. A recent study using single-cell sequencing suggests the relationship between cell cycle and self-renewal vs differentiation of HSCs is affected by aging. 46 We found genes involved in cell cycle were also enriched in highly expressed genes in LT-HSCs (supplemental Figure 4D ), consistent with that LT-HSCs can undergo renewal themselves or symmetrically or asymmetrically divide to ST-HSCs or MPPs.
We also found that the promoter regions of many more genes are found in a compressed chromatin state in LT-HSCs and ST-HSCs compared with MPPs, suggesting that only a few genes are involved in regulating self-renewal of HSCs; in contrast, many more genes function in regulation of blood cell differentiation. Enrichment analysis of specific DNA cis-elements in the open chromatin regions identified in our ATAC-seq analyses uncovered a potential transcription regulatory network that contains the known binding sites of at least 166 transcription factors in HSCs. Among them, the binding motifs of GABPA and FLI1 were identified in our analyses, and these 2 proteins are well-known to play important roles in HSC differentiation. Interestingly, one-quarter of these transcription factor binding sites were found in open chromatin regions that were identified to be cell type-specific, which provides important clues about the differential transcription regulatory networks in promoter regions that may be important in the differentiation of LT-HSCs to ST-HSCs and MPPs. Through PCA, we identified the DNA ciselement known to be bound by the Krüppel-like factor family (KLF9, KLF10, and KLF14) to be enriched specifically in open chromatin regions that were specific to LT-HSCs, which is the cell type that KLF9/KLF10 are known to highly express, suggesting that they may play role in the self-renewal of LT-HSCs.
Finally, we identified 8299 enhancer elements that display an open chromatin configuration in our ATAC-seq analysis of HSCs. Within this group of open enhancer elements, we uncovered the known interaction sites of 153 transcription factors. Importantly, we identified overrepresentation for the known binding motifs of 96 transcription factors, such as GABPA, that are enriched in both enhancer and promoter sequences that our ATAC-seq analysis in HSCs finds to be in an open configuration. These results suggest that it is these transcription factors that drive the enhancer-mediated activation of the genes downstream of the open promoters to regulate gene expression networks during blood cell differentiation. Using PCA, we identified 2 cohorts of transcription factors that were associated with dynamic changes in open chromatin at the enhancers within 3 populations of HSCs. In total, our study reveals the genome-wide landscape of open chromatin in HSCs; these HSC chromatin accessibility data can be used to help facilitate our understanding of self-renewal and differentiation of HSCs.
